ABSTRACT: The sorptive properties of a synthetic zeolite of type MFI with different concentration and nature of framework cations were studied using different probe molecules.The influence of the framework composition on the BET surface area and micropore void volume was examined using low-temperature nitrogen sorption. Sorption uptake kinetics using different probe molecules such as water, n-hexane, cyclohexane, 0-. 111-and p-isomers of xylenes, n-butylamine and tributylamine were also studied. The catalytic performance of different MFI isomorphs was studied in the o-xylene isomerization reaction. The probable correlation between the sorptive and catalytic properties has been discussed as a function of frameworkcomposition,acidity,o-xylenefeed rate calculated in terms of mol/min g of catalyst and reaction temperature.The trend in the para selectivity was found to be proportional to the relative sorption of xylenes. In comparison to H/AI-ZSM-5. H/Ga-ZSM-5 with an almost identical framework composition exhibited lower para-selectivity. Even though all these zeolite catalysts possess identical frameworks consisting of IO-MR openings and intersecting channels. differences in the nature and concentration of the trivalent framework cations, the crystallite size and total acidity lead to changes in their sorptive properties and catalytic performance.
INTRODUCTION
Among heterogeneous catalysts, zeolites constitute a unique class of microporous solids which find extensive application as catalysts in the petroleum and petrochemical industries. For an application such as a sorbent and/or a catalyst, the migration or diffusion of sorbed molecules through the pores and cages within the structural cell plays a significant role. Since the transformation of aromatic molecules within the pores of zeolites is involved in several petrochemical processes, the diffusion of aromatic hydrocarbons is of especial interest. The catalytic activity of these systems is attributed to the excess charge arising from the substitution of SiO:-units by AIO~-units. The framework composition confirms to a large extent the acidic, sorptive and catalytic properties. These frameworks can be altered by changing the silica to alumina ratio or by the isomorphous substitution of certain elements such as B, Fe and Ga into the framework tetrahedra replacing the aluminium (Barrer 1982) . In the former case, zeolites with higher silicon to aluminium ratios of varied acidic properties can be obtained. The latter variation results in a series of metallosilicates having unusual acidic, sorption and catalytic properties. In isomorphous substitution, a trivalent metal having an ionic radius close to that of AP+ forms a tetrahedron.
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Variation in temperature (Zikanova and Derewinski 1995; Muller and Unger 1988) , framework Si/AI ratio (Muller and Unger 1988; Choudhary et al. 1990; Rao et al. 1990) , crystal size and morphology (Shiralkar et at. 1991; Foger et al. 1984) , the type of adsorbate (Karsli et al. 1992 ; Muller and Unger 1988; Shira1kar et al. 1991; Choudhary et al. 1990) , crystallinity (Joshi et al. 1995) , the nature and concentration of framework (Joshi et at. 1993 (Joshi et at. , 1994 and extra-framework cationic species (Joshi and Shiralkar 1993; Kasture et al. 1998 ) have all been shown to influence the sorption properties of zeolites. These changes are also reflected in the catalytic performance.
Gallium is one such element whose chemical properties are similar to aluminium except for its larger ionic radius (Ga 3 + =0.62 A). The studies of various workers (Handrick and Smith 1989; Simmons et al. 1987) have reported the synthesis and use of gallosilicate zeolites. Many of these studies are associated with the use of gallosilicate in alkane and a1kanol conversion reactions (Post et al. 1989) . In this paper, we report the sorptive properties of synthetic gallosilicate with varying framework 'silicon to gallium ratios and their consequent catalytic performance in a simple a-xylene isomerization reaction. A comparison has also been made between the gallium and aluminium analogues of ZSM-5 having an almost identical framework trivalent cation population.
EXPERIMENTAL

Materials
Aluminium and gallium analogues of zeolite of type MFI were synthesized and characterized following the procedures and methods described elsewhere (Kotasthane et at. 1986; Awate et at. 1992) . Triethyl-n-butylammonium bromide (TEBA-Br) was used as a source of templating agent in the initial gel mixture. Crystallization of the gel was undertaken in a stainless steel autoclave (250 ml volume) at 453 K under static conditions. The crystallization period varied from 25 h to 170 h depending upon the gel composition necessary to obtain a fully crystalline sample. The solid products were filtered, washed and dried at 383 K. The organic material was removed by calcination in a flow of air at 813 K. All the samples were converted into the ammonium form by multiple exchange under reflux with a 5 N aqueous ammonium nitrate solution at 363 K to achieve the highest degree of exchange. The ammonium forms were then dried at 383 K followed by deammoniation at 673 K to obtain the protonic (H) form.
Hydrocarbons (99.9% purity) such as n-hexane, cyclohexane, 0-, m-and p-xylene, n-butylamine (nBA) and tributylamine (TBA) were used after further purification over activated 3A molecular sieves and employing the freeze-thaw technique. Doubly distilled water and high purity nitrogen were used for the sorption measurements.
Methods
Powder X-ray diffraction patterns of all the samples were obtained using a Rigaku D Max-III VC diffractometer with nickel-filtered Cu Kn radiation. The chemical composition of all the samples was established by wet chemical methods using atomic absorption (Hitachi, Z-8000, Japan) and inductively coupled plasma (Jobin-Yuon, lY-38 VHR, France) spectrometers. The results of the chemical analyses after converting all the samples to the H-form on an anhydrous basis are presented in Table 1 . The morphology and size of all the crystalline catalyst samples were examined by using a Stereoscan 150 scanning electron microscope (UK). Surface area measurements were carried out by low-temperature (77 K) nitrogen sorption using a conventional (Shiralkar and Kulkarni 1985) all-glass BET unit. The equilibrium sorption capacities were measured at 298 K at a relative 'The atomic concentration ratio was estimated from the corresponding XPS peak area using the relationship described by Scotfield (976).
pressure of pfPO =0.8 using a McBain balance following procedures described elsewhere (Shiralkar and Kulkarni 1985) . The environmental status of aluminium and gallium in the samples was examined using the 27Al and 710a MAS NMR technique. The MAS NMR spectra were recorded with a Bruker MSL-300 NMR spectrometer at ambient temperature. X-Ray photoelectron spectroscopic (XPS) spectra were recorded at room temperature using a V.O. Scientific ESCA-III MK photoelectron spectrometer following similar procedures to those described elsewhere (Joshi et al. 1993) .
For the catalytic studies, binder-free zeolite catalysts were pelleted, crushed and sieved to 14-20 mesh size particles. About 1 g (dry basis) of these particles was used for the catalytic runs. Catalytic studies were carried out in a tubular. down-flow quartz reactor of 1 cm diameter. The products were analyzed by gas chromatography (Shimadzu RIA) using a 5% bentone + 5% di-isodecylphthalate column. The details of the procedures adopted are reported elsewhere (Meshram et al. 1983) . AnalaR o-xylene was used without further purification as a feed in the catalytic tests. All the catalytic studies were carried out at atmospheric pressure. Mass balances were used for tabulating the data.
RESULTS AND DISCUSSION
Characterization
The sample designations. their unit cell compositions and bulk Si/Oa atomic ratios as calculated from chemical analysis are presented in Table 1 . For comparative purposes, H/AI-ZSM-5(85) and H/Oa-ZSM-5(97) were selected on the basis of differences in the characteristics of the framework trivalent cation, since their population is nearly the same in the framework lattice. Powder X-ray diffraction (XRD) profiles of all the samples closely matched reported data (Argauer and Landolt 1972) . The absence of impurity peaks and amorphous material indicated the highly pure and crystalline nature of all the samples. SEM photographs showed the presence of uniform spherical-shaped crystallites in all the samples. However, the nature and concentration of the trivalent framework cations were found to influence the observed crystallite size which followed the trend: H/AI-ZSM-5(85) [< 2 urn] -5(289) [4-6 urn] , Such variation in the crystallite size may be attributed (Rao et al. 1989) to differences in the rates of nucleation and crystallization. The SEM photographs also confirmed the high purity and crystallinity of these samples. The contributions of tetrahedral aluminium and gallium were evident from the 27AI (8 = 51.37 ppm) and 710a (8= 163 ppm) MAS NMR spectra for the respective Al and Ga analogues of MFI-type zeolites (Akitt 1972; Thomas et al. 1983 ).
On the basis of above observations, it is clear that (a) all the Al and Ga analogues of MFI-type zeolite samples are of high crystallinity without any apparent impurity or amorphous matter and (b) isomorphous replacement of Ga 3+ in the framework positions seems to have been achieved. The surface Si/Ga atomic ratios as estimated from the corresponding XPS peak areas are also included in Table I and demonstrate that the heterogeneous distribution of gallium in the HlGa-ZSM-5 samples resulted in a silicon-enriched surface.
Sorptive properties
Low-temperature nitrogen adsorption
The inset in Figure I shows the nitrogen adsorption isotherms for the AI and Ga analogues of MFItype zeolites. All the samples exhibited a very rapid uptake at low relative pressures followed by a nearly flat region at increased relative pressures. It is also seen from the inset that the amount of nitrogen sorbed increased with an increase in the gallium content of the sample which may be attributed to the increased number of longer Ga-o bonds. In contrast, a higher nitrogen sorption in HlAI- relative to H/Ga-ZSM-5 (97) The specific surface areas were obtained from low-temperature nitrogen uptake data by applying the conventional BET and Langmuir approaches. It should be noted that the specific surface areas for all the samples were greater when calculated via the Langmuir approach than by the BET approach. The linearity of the former plot over a wide range of pressure (up to 600 Torr) compared to the narrow range of the latter (up to I 10 Torr) may be partly responsible for the higher Langmuir specific surface areas. However, the BET approach probably gives a more realistic estimate for that specific surface area which is responsible for the sorption properties. The BET specific surface area for H/Ga-ZSM-5 ( Figure I also demonstrates the correlation between the specific surface areas obtained by the BET approach and the void volume calculated using the Dubinin-Radushkevich equation as a function of the gallium content. It is clear from the figure that as the gallium content increased both the BET specific surface area and the Dubinin void volume also increased. Moreover. the Dubinin void volume also seems to indicate some dependence on the BET specific surface area. However, the Dubinin void volume for H/AI-ZSM-5(85) [0.188 ml/g] was higher than that found for H/Ga-ZSM-5(97) [0.178 ml/g] for the same reasons as discussed above.
Sorption uptake of different sorbates
The adsorptive capacity is generally governed by the size and shape of the adsorbate molecules and the available void volume. The MFI-type zeolite has a three-dimensional channel array defined by 10-membered ring openings. Straight channels have openings of size 5.4 x 5.6 A intersected at right angles by sinusoidal channels with openings of size 5.1 x 5.5 A. Sorbates of different size, shape and polarity were used to evaluate physicochemical properties such as void volume. hydrophobicity, acidity and extent of steric restriction which playa significant role in intracrystalline diffusivity. Table 2 lists selected sorption data for the Al and Ga analogues of MFI-type zeolites obtained after exposure at PtpO =0.8 for 2 h at 298 K to water, n-hexane, cyclohexane, the 0-, mand p-isomers of xylene, n-butylamine (nBA) or tributylamine (TBA). Water sorption consistently decreased with decreasing gallium content suggesting the dependence of the hydrophilic properties on the number of gallium tetrahedra present. However, the void volume when calculated from the amount of water adsorbed does not give a real estimate in comparison to the Dubinin void volume calculated using nitrogen sorption data. On the other hand, void volumes calculated using the n-hexane sorption data are much closer to those calculated on the latter basis. This may be attributed to the high packing efficiency of the non-polar, cylindrical n-hexane molecule which has a kinetic diameter of 4.2 A.. The higher n-hexane affinity may also be due to the much more favourable interactions of the higher number of paraffinic hydrogen atoms with the channel wall. Hence, the preferential adsorption of n-hexane relative to water under the same set of conditions can be taken as a measure of the hydrophobicity and for this reason the n-hexane/HiO ratio was considered a criterion for determining the trend in hydrophobicity in the present studies. It will be seen from the data in Table 2 that the hydrophobicity increased as the gallium content decreased, a trend which was also reflected in the water sorption data. However, the fact that the hydrophobicity of H/Al-ZSM-5(85) and H/Ga-ZSM-5(97) were almost comparable but higher than that of HlGa-ZSM-5(40) is indicative of the influence of the characteristics and concentration of framework trivalent cations on the hydrophobicity.
The size of the spherical cyclohexane molecule (6.2 A) is comparable to the straight channel dimension (5.4 x 5.6 A) of MFI-type zeolites. The lower uptake of cyclohexane may be due to an intracrystalline steric effect imposed by the channel structure. In addition, because of its larger cross-sectional area, cyclohexane is adsorbed preferentially only at the channel intersections. From the data in Table 2 , it is clearly evident that the uptake of cyclohexane decreased as the gallium content decreased and that the aluminium analogue had a higher uptake relative to the gallium analogue. This indicates that the number and characteristics of the framework trivalent cations are the factors controlling the extent of the steric effect and the availability of the channel intersections for adsorption. It is also interesting to note that only about 35 ± 5% of the total void volume was occupied by the cyclohexane molecules. The highest corresponding volume was 40.9% in HlAl-ZSM-5(85) while the lowest was 29.2% in HlGa-ZSM-5(289), the latter being attributed to the greater trailing effect (longer diffusional path) involved. A basic probe molecule, n-butylamine (nBA), was used in the sorption studies for the estimation of the strength of the acid sites, since a knowledge of the acidity is often useful in correlating the catalytic behaviour of the catalyst. The data listed in Table 2 show that the uptake of nBA increased with an increase in framework gallium content and was lower for H/Ga-ZSM-5(97) than for HlAI-ZSM-5(85). The void volume occupied by nBA molecules in all samples was found to be more than 90% of the total void volume available on the basis of nitrogen sorption data calculations. However, a slightly smaller void volume occupancy by nBA molecules was exhibited by HlGa-ZSM-5(40) as compared to HlGa-ZSM-5(97) which may be attributed to the more heterogeneous distribution of gallium in the framework. The total sorption uptake of nBA may be looked upon as the result of a combination of interaction with acid centres and the volume filling phenomenon because of the very moderate interaction of nBA with silanol groups. For this reason, the amount of nBA retained was estimated by evacuating the sample at 423 K for 2 h and was considered to be a measure of the total acidity. It can be seen from the Table 2 that the total acidity values followed the trend: HlGa-ZSM-5(40) > HlAI-ZSM-5(85) > HlGa-ZSM-5(97) > HlGa-ZSM-5(289). Thus, as the framework gallium content decreased the total acidity also decreased, the aluminium analogue exhibiting a higher acidity (6.2 molecules/unit cell) than the gallium analogue (5.9 molecules/ unit cell) at a comparable framework ratio. If it is assumed that the number of acid centres in both the catalysts were the same, the higher strength may be associated with the acid centres in the latter.
Tributylamine (TBA) was selected as another probe for sorption studies, as it possesses a kinetic diameter of 9.1 A which is greater than the channel dimensions. Hence, the uptake of TBA is essentially on the external surface, which generally contributes up to ca. 3% of the total surface area. It is clearly seen from the data in Table 2 that higher uptake (0.25 molecules/unit cell) were observed in the case of HlAI-ZSM-5(85) as compared to the rest of the catalysts. Similarly, as the gallium content decreased, the TBA uptake also decreased and HlAI-ZSM-5(85) exhibited a higher uptake than HlGa-ZSM-5(97). This behaviour can be related to the crystallite size rather than to the nature and concentration of the trivalent framework cation. The smaller the crystallite size, the greater will be the surface area, which is consistent with the TBA sorption data obtained in the present studies. If the number of TBA molecules adsorbed were assumed to follow a 1:1 correspondence with the external adsorption sites and, on this basis, an equal number of nBA molecules could have been adsorbed in place of TBA, the contribution due to the internal surface area may be evaluated from the ratio (nBA-TBA)lnBA. All the samples exhibited virtually the same contribution (97.7 ± 0.2%) due to the internal surface area relative to the total surface irrespective of the crystallite size. Thus the ratio (nBA-TBA)/nBA can be taken as a measure for estimating the contribution due to the internal surface area in MFI-type zeolites. Hence, the acidity trend as established after evacuating the samples at 423 K for 2 h can be viewed as being independent of the crystallite size and can be treated as the true acidity for which no correction has to be applied for retained nBA molecules adsorbed on the external surface. Xylene isomers were also used as probe molecules for sorption studies since they provide a basis for evaluating performance in a-xylene isomerization reactions. The sorption data in Table 2 clearly show that the uptake of p-xylene was much the greatest for all the isomers in all the samples and decreased as the framework gallium content decreased. arrha-and meta-Xylene isomers possess kinetic diameters of ca. 6.8 A, whereas the para-xylene isomer possesses a kinetic diameter of 6.3 A. Thus the magnitude of the diffusivity seems to follow the expectations of shape selectivity.
In other words, the higher diffusivity of p-xylene relative to the other xylene isomers may be due to the minimum effective dimension of the p-xylene molecule and the entropy contribution resulting from the more favourable packing of p-xylene. Hence, the para-selectivity was found to be independent of the framework composition as far as the MFI topology was concerned. However, the extent of uptake was found to vary with the framework composition and the nature of the framework trivalent cations. The uptake of p-xylene in HIAI-ZSM-5(85) was found to be higher than that for HlGa-ZSM-5(97) under the same conditions. Figure 2 depicts the sorption kinetics of different probe molecules over HlGa-ZSM-5(97) at 298 K and ptpO = 0.8. Other than for TMB, all the sorption curves correspond to type I isotherms according to Kiselev's classification (Kiselev 1965) . The hydrocarbon sorption capacity in the plateau region reflects the available zeolitic pore volume. However, exclusions from certain regions of the structure cannot be ignored as the sorbed volumes are lower than the true pore volume capacity. In addition, other factors such as the structural peculiarities of the adsorbent, the crosssectional area of the probe molecule, additional interaction forces, diffusivity, packing efficiency, etc. may be important in explaining such a variation. It is clear from Figure 2 that p-xylene penetrated the zeolite structure quite freely and rapidly while the 0-and m-isomers penetrated only very slowly. To explain such behaviour, the diffusion coefficients were evaluated using the relationship (Karge and Ruthven 1992) :
199 (I) where Qo' Q, and Q~are the amounts of adsorbate at time 0, t and equilibrium, respectively, D is the diffusion coefficient and r o is the radius of the crystal. Sorption isotherm data for the first 5 min depicted in Figure 2 were used for the 0-, m-and p-isomers of xylene. The radius of the crystal (l um) was evaluated from the SEM photographs. By plotting QlQ, against t lO , the diffusion coefficient was calculated from the slope of the linear portion of this plot. The diffusion coefficient for p-xylene (2.597 x 10-12 cmvs) was found to be higher than that for m-xylene (0.5029 x 10-12 cmvs) and a-xylene (0.1904 x 10-12 cm 2/s). The differences in the diffusion coefficients demonstrate the significant role of steric hindrance due to the spatial arrangement of the bulkier alkyl groups.
Performance in the isomerization of o-xylene
Effect of reaction temperature
The influence of reaction temperature on a-xylene isomerization over HlGa-ZSM-5(97) is illustrated by the data listed in Table 3 . On increasing the reaction temperature, an increasing trend in a-xylene conversion was observed, with decreasing selectivity for isomerization recorded from 573 K up to 673 K. The salient feature of the data in Table 3 is that a lower p-xylene selectivity was found at lower temperature (523 K) relative to the values obtained at higher temperatures. However, the p-xylene selectivity at higher temperatures was found to be closer to the equilibrium value 24,.. (33.0). The observed para-selectivity may be attributed to the higher diffusivity of p-xylene at higher temperatures compared to that of a-xylene rather than to the higher conversion. The increasing amounts of secondary products such as toluene and trimethylbenzene observed suggest that dealkylation leading to toluene and disproportionation of xylene leading to 1MB are temperaturedependent processes. The dealkylation and disproportionation activities may be associated with the typical properties of MFI-type molecular sieves where shape selectivity due to the reactant, the transition state and the product is important.
Effectof space velocity
Space velocity is defined as the rate of a-xylene molecules fed expressed in mol/(gca, min). Figure 3 illustrates the extent of a-xylene conversion relative to the a-xylene concentration expressed in moV(min g) and the percentage of p-xylene in the total xylenes over H/Ga-ZSM-5(97) at 673 K. It is clear from the figure that as the sorbate concentration increased the extent of conversion decreased. Similarly, as the conversion increased, the percentage ofp-xylene in the total xylenes also increased which is consistent with the results obtained by varying the reaction temperature as listed in Table 3 . Thus as the sorbate concentration increased, the percentage of p-xylene in the total xylenes decreased as depicted in Figure 3 . Although the differential diffusivity increased with sorbate concentration where the trend for p-xylene is expected to be stronger, the lower value for % p-xylene in the total xylenes at higher sorbate concentrations may be attributed to the resistance towards mass transport of the reactant (a-xylene) and/or the possibility that some reactant may escape without entering into intracrystalline voids. The selectivity to isomerization was a maximum when the a-xylene concentration was 2.7 mol/(min g). Thus, the performance in the a-xylene isomerization reaction depended mainly on the extent of conversion rather than on the diffusivity.
Influence offramework composition
As the gallium content increased, the conversion of a-xylene increased and an increase was observed in the p-isomer concentration in the product (Table 4 ). The acidic nature of the zeolite depends on the framework composition and may be correlated to the number of nBA molecules retained after evacuation at 423 K. The observed conversions are thus in agreement with the number of nBA molecules retained after evacuation at 423 K and in tum the SiO/Gap, ratio of the zeolite. The lower observed para-selectivity over a zeolite with a higher SiO/Ga 20, ratio occurs at lower conversions. The change in the crystallite size may be important as well as factors such as the acidity and/or the extent of conversion. According to Wei and co-workers (Wei 1982; Theodorou and Wei 1983) , the para-selectivity is proportional to the length of the diffusion path which is greater for larger crystallites. The SEM studies undertaken in this work indicated an increase in crystallite size with an increase in the SiO/Ga,01 ratio. This is in agreement with earlier reports (Wei 1982; Theodorou and Wei 1983) . Under identical reaction conditions, as the framework gallium content increased, the selectivity to isomerization decreased as compared to an increasing trend in conversion. Footnotes a-e have thesame significance as in Table 3 . Figure 4 demonstrates the catalytic performance in a-xylene isomerization over Ga and Al analogues of MFI-type molecular sieves. It can be seen from this figure that as the gallium content decreased, the percentage selectivity towards isomerization increased. Since the number of retained nBA molecules/unit cell forms the basis of acidity, the selectivity to isomerization seems to be favoured on the catalyst possessing a lower acidity. In contrast, as the gallium content decreased, the percentage para-selectivity also decreased when compared at a conversion level close to 65 ± 5%w/w. This suggests that a smaller number of framework gallium atoms may perform satisfactorily as far as selectivity to isomerization is concerned. However, p-selectivity was favoured on HlGa-ZSM-5 with a lower framework SiD/Gap3 ratio while HlAI-ZSM-5(85) exhibited a higher percentage p-selectivity and a lower percentage selectivity to isomerization as compared to that for HlGa-ZSM-5(97). This latter observation also supports the correlation between acidity and catalytic performance as observed in the case of the Ga analogues.
-, ------------------------, -6.5 100 The nature and concentration of the framework cations were found to influence the sorptive properties of MFI-type molecular sieves. The sorption uptake behaviour of different probe molecules over H/Ga-ZSM-5 revealed that, as the framework gallium content increased, the specific BET surface area, the Dubinin void volume and the total acidity increased while the hydrophobicity decreased. The diffusion coefficient for the p-xylene isomer was found to be higher than that for the 11/-and a-isomers by more than 5-and 13-fold, respectively. The isomerization of a-xylene over gallosilicate pentasil zeolites indicated that the conversion and para-selectivity increased with an increase in the total acidity and with a decrease in the hydrophobicity. However, the selectivity for isomerization exhibited the reverse trend. The reaction temperature and feed concentration also influenced the performance in a-xylene isomerization over H/Ga-ZSM-5.
